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ABSTRACT: Landscapes exposed by glacial retreat provide an ideal natural laboratory to study the processes involved in
transforming a highly disturbed, glacially influenced landscape to a stable, diverse ecosystem which supports numerous species
and communities. Large-scale vegetation development and changes in sediment availability, used as a proxy for paraglacial adjust-
ment following rapid deglaciation, were assessed using information from remote sensing. Delineation of broad successional vegetation
cover types was undertaken using Landsat satellite imagery (covering a 22 year period) to document the rate and trajectory of terrestrial
vegetation development. Use of a space-for-time substitution in Glacier Bay National Park, Alaska, allowed ‘back-calculation’ of the
age and stage of development of six catchments over 206 years. The high accuracy (89.2%) of the remotely sensed information used in
monitoring successional change allowed detection of a high rate of change in vegetation classes in early successional stages (bare sed-
iment and alder). In contrast, later successional stages (spruce and spruce–hemlock dominated forest) had high vegetation class reten-
tion, and low turnover. Modelled rates of vegetation change generally confirmed the estimated rates of successional turnover
previously reported. These data, when combined with the known influence of terrestrial succession on soil development and sediment
availability, suggest how physical and biological processes interact over time to influence paraglacial adjustment following deglacia-
tion. This study highlights the application of remote sensing of successional chronosequence landscapes to assess the temporal dynam-
ics of paraglacial adjustment following rapid deglaciation and shows the importance of incorporating bio-physical interactions within
landscape evolution models. © 2014 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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Following glacial recession, deglaciated landscapes undergo
rapid geomorphic change as sedimentological, hydrological and
aeolian processes begin to alter the landscape. The term
‘paraglacial’ refers to the unstable conditions and high geomor-
phic activity typically associated with recently deglaciated land-
scapes during this phase (Ballantyne, 2002a), when rates of
landscape change and sediment output from the system are typi-
cally elevated. Physical processes that extensively rework sedi-
ments at this time are often referred to as ‘paraglacial adjustment
processes’ and persist until catchment sediment yields return to
those typical of unglaciated catchments (Benn and Evans, 2010).
Geomorphic development following glacial recession is in-
fluenced by high sediment loads originating from glacial fea-
tures, such as moraines, debris flow, flow tills and outwash,
and processes involved in the modification of glacier fore-
lands, such as mass movement, frost action, fluvial processes,and slope processes (e.g. avalanches, rock slides and debris
falls). Reworking and transport of these sediments are the
dominant driving variables affecting landform change during
this paraglacial adjustment period (Ballantyne, 2002a; Benn
and Evans, 2010), as processes which drive sediment trans-
port (e.g. fluvial transport, slope failure, debris flow, erosion)
or exhaustion (e.g. bank and slope stabilisation) characterise
the period in which paraglacial adjustment takes place
(Church and Ryder, 1972). Due to the high availability of
mobile sediments and increased fluvioglacial activity,
paraglacial landscapes are particularly dynamic, and the ad-
justment period is deemed to have ended once the sediment
yield has returned to a ‘non-glacial’ state where glacially
conditioned sediment availability is exhausted or attains sta-
bility as a result of reworking processes (Ballantyne, 2002b).
As no processes are unique to paraglacial environments
(Slaymaker, 2009; Benn and Evans, 2010), a number of authors
(Ballantyne, 2002b; Slaymaker, 2009; Benn and Evans, 2010)
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time during which rapid environmental adjustment takes place
following deglaciation, rather than a definition of specific pro-
cesses or landforms. We adopt this definition when referring to
‘paraglacial’, and those ‘paraglacial adjustment processes’
which occur during this time. Depending on the spatial scale
of observation, the dominant paraglacial processes involved,
and the land system, the paraglacial adjustment period may last
between 10 and 10 000 years (Ballantyne, 2002b).
Physical and biological processes that alter sediment avail-
ability and resultant sediment yield within catchments through
sediment transport and stabilisation act as drivers of paraglacial
adjustment, and hence determine the length of the paraglacial
period (Benn and Evans, 2010). Recently, Slaymaker (2009)
suggested that paraglaciation and its associated processes are
better defined as a dynamic transition from glacial disturbance
to a stable landscape lacking glacially influenced conditions,
and hence, paraglaciation is better defined and quantified
using a rate and trajectory of change from glacial to non-glacial
conditions. In this manner, paraglacial adjustment processes
are better classified as some of many components of large-scale
development that occurs following deglaciation.
Although our understanding of geomorphic change in the
paraglacial period is increasing (Ballantyne, 2002b), particu-
larly the role and importance of physical processes such as de-
bris flow, mass movement and fluvial transportation in creating
and stabilising geomorphic features (Fitzsimons, 1996; Irvine-
Fynn et al., 2011; McColl, 2012), few studies have addressed
the influence of biotic processes and interactions on the rates
of paraglacial adjustment processes (with the exception of
Eichel et al., 2013). Terrestrial vegetation alters sediment avail-
ability by reducing soil erosion via rainfall interception
(Quinton et al., 1997), increased soil infiltration, decreased
bulk density, and increased soil shear strength and cohesion
(Gyssels et al., 2005). These changes in turn, stabilise slopes
(outlined by Marston, 2010) and river banks (Thorne, 1990),
thereby influencing catchment-scale sediment yield, particu-
larly in small catchments (Marston, 2010).
Given the influence of vegetational processes outlined above,
it is evident that the colonisation and development of vegetation
on deglaciated landscapes contributes to paraglacial adjustment
processes by stabilising landforms (e.g. valley slopes, paraglacial
debris cones and alluvial fans, and river channels) and sediment
exhaustion of glacially influenced sediment sources. Indeed,
vegetation colonisation has been specifically identified as a ma-
jor factor contributing to the exponential sediment exhaustion
component of Ballantyne’s primary paraglacial activity model
(Ballantyne, 2002b). However, research that quantifies the role
of vegetation development on sediment availability, and the rate
of change and trajectory of paraglacial adjustment and land-
scape development remains sparse.
Vegetation succession on newly exposed sediments follow-
ing deglaciation and the process of primary succession is a
central concept in ecology (Begon et al., 1996). During this
process, pioneer plant species colonise and stabilise land sur-
faces, and a succession of communities undergo a pattern of
colonisation and extinction controlled by both biotic and abi-
otic factors over time (Matthews, 1992). During succession
plant communities undergo a gradual increase in structural
complexity, biomass, species diversity and ecosystem interac-
tion (Odum, 1969; Matthews, 1992; Milner et al., 2007) over
a time period similar to that of paraglacial adjustment. Sedi-
ment availability and soil characteristics evolve as terrestrial
succession progresses, changing from soils with a characteris-
tically high sediment availability and simple structure to a
complex soil structure with lower sediment availability,
stabilised by vegetation growth at later successional stages.© 2014 The Authors. Earth Surface Processes and Landforms published by John WileyFor example, Orwin and Smart (2004) demonstrated that
sediment mobilisation and suspended sediment loads in
proglacial streams following rainfall events were much higher
on ‘young’ paraglacial surfaces than ‘mature’ or ‘old’ surfaces
following the Little Ice Age maximum. These surfaces showed
evidence of rapid temporal decline in surface sediment
response to rainfall events due to surface armouring and
sediment exhaustion, resulting in stabilising surfaces within a
few decades following deglaciation. Rapid surface sediment
reworking and stabilisation were also found to occur within
decades of deglaciation following the Little Ice Age maximum
as a result of upslope processes (Matthews, 1992; Orwin and
Smart, 2004; Moreau et al., 2008), and vegetative colonisation
(Moreau et al., 2008; Eichel et al., 2013). As succession pro-
gresses, and species composition and the structural complexity
of terrestrial plant communities begin to change, sediment
mobilisation declines as tensile strength and sediment binding
by roots and organic matter (OM) begin to increase (Crocker
and Major, 1955; Milner et al., 2007), resulting in increased
infiltration and interception of rainfall.
Despite the synchrony of vegetation succession and
paraglacial adjustment on the deglaciated landscape, and their
potential interaction and facilitation, there is a paucity of re-
search on these linkages. Increasing research on vegetation–
landscape interactions including plant–sediment dynamics
within riverine environments (Gurnell et al., 1999; Corenblit
et al., 2008, 2009; Osterkamp et al., 2012; Cowie et al.,
2014), and slope–vegetation interactions (Marston, 2010) have
begun to investigate the interaction between biological/ eco-
logical and geomorphological processes. These studies illus-
trate the role of biogeomorphic interactions in ecosystem
functioning and recovery following geomorphological distur-
bances (Viles et al., 2008; Rice et al., 2012). However, there re-
mains a gap in our understanding of the development and
influence of biogeomorphic interactions in the development
of ecosystems following large-scale, extreme disturbance
caused by glacial processes.
Although previous studies have elucidated a number of in-
teractions and processes, the lack of information on interme-
diate timescales (100–500 years) is likely to have omitted
those processes that take longer to develop and mature, as
well as those processes that operate at the landscape scale
(Rossi et al., 2014). For example, previous research has often
been limited to either short-term (up to 100 years following
deglaciation, Gurnell et al., 1999; Orwin and Smart, 2004;
Moreau et al., 2005, 2008), or long-term (e.g. Holocene or
Little Ice Age; Passmore and Waddington, 2009; Hobley
et al., 2010) timescales and are often limited in spatial area
(e.g. 5–1200km2; Irvine-Fynn et al., 2011; Tunnicliffe et al.,
2012). Given the increasing recognition of vegetation–landscape
interactions, and previous difficulties in studying intermediate
timescales of paraglacial adjustment, it is likely that the impor-
tance and role of these interactions in determining the timescale
and processes of paraglacial adjustment is lacking.
Vegetation change in Glacier Bay National Park (GBNP) in
southeast Alaska is one of the best studied examples of primary
succession (Chapin and Walker, 1988; Matthews, 1992) fol-
lowing rapid retreat of an extensive Neoglacial icesheet within
the last 250 years. During the early stages following deglacia-
tion, vegetation development is limited to species tolerant of
the harsh, constantly shifting physical habitat characteristic of
proglacial areas (see below for species involved). Over time,
however, unconsolidated substrates become more stable, due
to changing and developing drainage networks, facilitating
subsequent vegetation succession, and culminating in a di-
verse Sitka spruce-western hemlock forest. Space-for-time sub-
stitution in GBNP allows a 250 year chronosequence of& Sons Ltd. Earth Surf. Process. Landforms, (2014)
VEGETATION SUCCESSION: IMPLICATIONS FOR SEDIMENT & LANDSCAPE STABILITYvegetation development to be assessed on the basis of spatial
differences over a relatively small distance (~120 km of linear
glacial retreat).
Reinhardt et al., (2010) identified remote sensing systems as
an ‘under-utilised toolbox’ of analytical techniques to study
biogeomorphic interactions. The repeat survey capabilities of
the Landsat satellites were highlighted as being particularly
useful to study vegetation change, as landscape dynamics
and physical processes which occur over relatively short
(<102 years) timescales are deemed too difficult to measure di-
rectly (Reinhardt et al., 2010). These timescales are also of par-
ticular importance in the study of the interactions of biological
and physical processes with one another over the long term
(Rull, 2012) as physical–biological feedbacks and interactions
often require significant time to develop before influencing
their surroundings (Reiners et al., 1971; Milner et al., 2007).
Given the opportunities for the space-for-time substitution
available at GBNP, combined with the existence of repeat ae-
rial Landsat satellite images in this area over a 22 year period
and an extensive body of literature available regarding pro-
cesses of vegetation succession, soil development and changes
in sediment yield over time within GBNP, we aim to determine
the rate and processes of vegetation–landscape interactions
which influence sediment availability, and by proxy,
paraglacial adjustment on glacier forelands over the 250 year
time period since the Neoglacial maxima.
The principal objective of this study was to assess mesoscale
land surface stability by measuring primary successional
changes in vegetation cover and soil development over an in-
ferred 205 year period using Landsat images from a number of
catchments of different ages. This examination of the co-Figure 1. Glacier Bay National Park, Alaska, indicating study catchments an
This figure is available in colour online at wileyonlinelibrary.com/journal/esp
© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileyevolution of landforms and biological communities will assist
in the continued development and refinement of landscape
evolution models, which hitherto have lacked the incorpora-
tion of bio-physical processes and linkages (Marston, 2010;
Reinhardt et al., 2010), and help to increase our understanding
of the role of vegetation development in defining the processes
and timescales of paraglacial development.Methods
Study area
Glacier Bay National Park and Preserve (GBNP) is located in
southeast Alaska, ~105 km west of Juneau (Figure 1). The Na-
tional Park covers an area of ~11 030 km2, most of which is
dominated by a Y-shaped tidal fjord over 100 km in length
and 20 km in width at its widest point. The area has under-
gone a number of glacial advances and recessions over time,
reaching a maximum in the Pleistocene during which time an
ice sheet covered the entire area, which later receded to ap-
proximately current-day glacial extent in the late Wisconsin
following an increase in temperature and decrease in precip-
itation (Streveler and Paige, 1971). During this time, it is
thought that the entire area was filled with glacial sediments
(Streveler and Paige, 1971). Later, a large piedmont glacier
covered the entire area of the current GBNP area during
the Little Ice Age, reaching its maximum around AD 1700
near the mouth of the current fjord (Cooper, 1937). Recession
of the current glacial coverage began ~250 years ago, follow-
ing a change in local climatic conditions, and once initiatedd dates of glacial recession. Basemap courtesy of ArcGIS world imagery.
l
& Sons Ltd. Earth Surf. Process. Landforms, (2014)
M. J. KLAAR ET AL.the ice sheet retreated rapidly (Chapin et al., 1994), resulting
in numerous glaciated valleys separated by mountains. Dur-
ing these series of glacial advances, existing vegetation and
landforms were scoured from the upper sections of the val-
leys, while the lower sections were buried under hundreds
of metres of sediments deposited by glacial streams (Cooper,
1923). Exposed land surfaces are therefore dominated by gla-
cial outwash and unconsolidated sediments, in addition to
areas of bedrock, which are often shaped by fluvio-glacial
processes. The deglaciated landscape is characterised by gla-
ciated valley land-system features (Matthews, 1992), includ-
ing steep sediment-mantled slopes and kame terraces which
are subject to debris flow and subsequent fluvial transporta-
tion (illustrated in Figure 2). Detailed historical and geologi-
cal data allow recession of the ice since the Neoglacial
maximum to be accurately dated, and catchment age may
be deduced from its distance from the retreating glacier ter-
mini. Modern day stream and catchment ages have been de-
fined as the time since ice recession from the stream mouth
(Milner et al., 2000).
Vegetation development on the recently exposed glacier
forelands within Glacier Bay follows a known succession of
stages, beginning with the colonisation of barren ground by
nitrogen-fixing species such as Dryas drummondii, Salix spe-
cies, and Sitka alder (Alnus sinuata) within the first 50 years
after deglaciation (Fastie, 1995). These species often form a
dense thicket and persist until competition from later succes-
sional species limits their success (Crocker and Major, 1955).
Cottonwood (Populus trichocarpa) typically follows the initial
alder–willow thicket stages, peaking in abundance approxi-
mately 50–70 years following deglaciation (Reiners et al.,
1971). Sitka spruce (Picea sitchensis) begins to increase in
abundance approximately 100 years following deglaciation,
creating a mixed cottonwood–spruce forest before slowly being
replaced by scattered western (Tsuga heterophylla) and moun-
tain hemlock (T. mertensiana) which dominate the forest over
time (Chapin et al., 1994). Observation of adjacent areas that
were not covered by Neoglacial ice suggests that Sphagnum-
dominated muskeg is the climax community. This successional
pattern might change through time, if historical vegetation de-
velopment alters seed availability of potential colonisers (Fastie,
1995); however, as it is the broad scale patterns of landscape de-
velopment that are of interest to this study, the exact pattern of
vegetation succession is not of great importance, and hence,
the possibility of multiple successional pathways (Fastie, 1995)
does not impede the analysis.Figure 2. Recently exposed landforms in the forefield of McBride gla-
cier, Glacier Bay National Park, highlighting the glaciated valley system
typical of the area. This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
© 2014 The Authors. Earth Surface Processes and Landforms published by John WileySatellite image collection and processing
Changes in vegetation development from bare ground to alder–
willow shrub, cottonwood, spruce and later spruce–hemlock
forest may be delineated and classified using remote sensing
techniques, owing to differences in spectral response related
to colour and foliage density. Comparison of reflectance values
in the spectral bands collected by Landsat satellite sensors dis-
tinguishes between the spectral behaviour of dominant species
within a successional stage allowing a broad-scale classifica-
tion over a large area of land to be generated. The method for
classifying vegetation in this way is detailed below and
outlined in Figure 3 (Hall et al., 1991; Chambers et al., 2007).
Landsat satellite images (spatial resolution 30m) were ob-
tained from the USGS Glovis website (www.glovis.usgs.gov)
for the WRS-2 path number 59 and row 19, taken in the month
of August in order to limit any differences in seasonal vegeta-
tion characteristics and solar incidence angle that might affect
the inter-annual comparison of vegetation cover. Using these
parameters, a total of 13 images were identified, of which six
were suitable (Table I) for further use; localised cloud cover
over areas of interest limited the usefulness of those images
not included in the analysis. All images were acquired with
L1T level of processing (geometric and terrain correction) and
projected to the UTM coordinate system (WGS84). Satellite
images were corrected for at-sensor spectral radiance and
top-of-atmosphere reflectance as outlined by Chandler et al.
(2009). Images were then ‘normalised’ to the 2010 image using
a linear regression between digital number (DN) values to al-
low comparison between years, as detailed by Collins and
Woodcock (1996). All zero (missing; DN=0) and saturated
(DN=255) values were excluded from the calculation. Once
the slope and offset for each band of the image had been calcu-
lated, these corrections were applied to the imagery to provide
a new corrected image consisting of bands 1–5 and 7. As im-
ages were calibrated to the 2010 image, the 2010 image was
not used further in the analyses.
Field observations and aerial photographs at a number of lo-
cations throughout GBNP were collected in summer 2010 to
verify areas in which dominant land cover was identified for
subsequent use as training areas for a supervised classification
using ERDAS Imagine 2010 (ERDAS, 2010). From these
ground-verified areas, a minimum of four areas, at least
1000 pixels in size were identified as representative for each
land cover class; 10 classes were identified; ‘glacier’; ‘snow’;
‘sea/water’; ‘non-vegetated’ (typically bare soil or sediment), ‘al-
der’; ‘cottonwood’; ‘spruce’; ‘mature’ (spruce–hemlock domi-
nated forest); ‘open vegetation’ (includes both muskeg and
small, scrubby vegetation dominated by blueberry, crowberry
and small willows) and ‘mountain vegetation’ (typically higher
elevation, open vegetation dominated by Epilobium latifolium,
Dryas and scattered blueberry and crowberry). The ‘mountain’
vegetation group may be relict nunatak vegetation communities
and hence were classified separately from open vegetation.
Using these groupings, a signature file was produced that deter-
mined the set of statistical parameters of pixels within the train-
ing areas, which would be used to identify similar land cover in
additional satellite images. In this instance, a set of parametric
statistical signatures, based on minimum distance, were used
as the decision rule in determining land cover classification
(Sader et al., 1995).
Accuracy of the supervised classification of the 2010 im-
age was assessed using 31 points of known vegetation cover
(from aerial and field-based observations, different from those
areas used in the training process) from which a confusion
matrix was produced using ERDAS’ accuracy assessment to
compare the classification of the known points against the& Sons Ltd. Earth Surf. Process. Landforms, (2014)
Figure 3. Workflow diagram of Landsat image processing and analysis steps.
Table I. Summary of the Landsat image characteristics utilised within
the study
Year Date Satellite
1987 Aug 24 Landsat 5 TM
1989 Aug 13 Landsat 5 TM
1999 Aug 21 Landsat 7 ETM+
2004 Aug 14 Landsat 7 ETM+
2009 Aug 04 Landsat 5 TM
2010 Aug 15 Landsat 7 ETM+
Table II. Characteristics of the six study catchments
Catchment
Age (in
2009a)
Area
(km2)
Max altitude
(m) Geology
Stonefly Creek (SFC) 38 10.0 632 Qsb, Kg
Wolf Point
Creek (WPC)
65 29.8 817 Qs, Kgb
Ice Valley
Stream (IVS)
141 19.4 732 Qsb, Ss
North Fingers South
Stream (NFS)
166 16.8 590 Qs, Sc + Ssb, Kg
Berg Bay South
Stream (BBS)
181 33.1 490 Qs, Sc + Ssb, Tg
Rush Point
Creek (RPC)
206 23.3 551 Qs, Sc + Ss, Tgb
VEGETATION SUCCESSION: IMPLICATIONS FOR SEDIMENT & LANDSCAPE STABILITYclassification produced using the signature file (ERDAS 2009).
An output of the accuracy assessment is the Kappa
coefficient of agreement, which expresses the proportionate
reduction in error generated by the classification process
compared with the error of a completely random classifica-
tion (ERDAS, 2009). In essence, the Kappa coefficient of
agreement is a value which indicates the percentage of the
misclassification error that was avoided compared with that
which is generated from a completely random classification.
A value of 0.82 would therefore imply that the classification
process had avoided 82% of the errors that a completely ran-
dom classification would generate (Congalton, 1991; ERDAS,
2009) The remaining satellite images (1987, 1989, 1999,
2004 and 2009) were then classified using the signature file
generated from the 2010 image. Classifications were further
ground-truthed in July 2011 to confirm species composition
within the broad land-cover classifications (i.e. determination
of vegetation within ‘open’ and ‘mature spruce–hemlock’
land cover).
Pixel transition matrices were calculated to assess both
classification accuracy (e.g. misclassification due to ‘mixed’
and/or mis-registered pixels; Hall et al. 1991) and rate and tra-
jectory of landscape development. Pixel transition from one
land cover class to another was assessed through the creation
of a matrix table of changes in vegetation type between differ-
ent classified images.Qs Quaternary surficial depostis.
Tg Tertiary intrusives (biotite granodiorite).
Kg Cretaceous intrusives (biotite-hornblende granodiorite and tonalite).
Sc Silurian-Devonian sediments and carbonates (Rendu Formation).
Ss Silurian sediments (Tidal Formation).
aAge in years defined relative to the time at which the mouth of the wa-
tershed was uncovered.
bDominant geology.‘Spatial snapshot’ analysis
Six catchments, ranging in age from 38 to 206 years (Figure 1)
were selected to provide detailed analysis of the successional
gradient present from the upper to the lower sections of the© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileybay, and to focus on the changes in landscape development
over 206 years. Catchment boundaries of the six study catch-
ments were obtained from Geiselman et al. (1997) and used
as the basis for subsequent calculation of subcatchment
boundaries using the ArcHydro extension within ArcGIS (ver-
sion 9.3; ESRI, 2009), which identified a total of 22
subcatchments across the six stream catchments which were
used as replicates in subsequent vegetation cover analysis.
Catchment age was related to the distance of an area from
the retreating glacier termini, and catchments were selected
due to their similarity in non-age-related catchment charac-
teristics (Table II) and temporal coverage that facilitate analy-
sis of vegetation change over time. Assessment of the
differences between these catchments therefore provides a
‘spatial snapshot’ of the differences in vegetation and land-
scape structure that occur within and across successional
stages due to time since deglaciation. Differences in mean
vegetation type cover were calculated in ArcGIS within
subcatchments of each of the study watersheds to estimate
within-catchment variability.& Sons Ltd. Earth Surf. Process. Landforms, (2014)
M. J. KLAAR ET AL.Assessment of land cover changes over a 22year
period: ‘temporal analysis’
Land cover change within GBNP over 22 years, from 1987 to
2009 was assessed using the classified satellite images. Zone
statistics available within ArcGIS provided a summary of the
percentage of each land cover/vegetation class within the areal
extent of interest. Rate of change of land cover was calculated
as the difference between the percentage of one particular veg-
etation type in 1987 and that in 2009. This calculation provides
an indication of the permanency of each land cover class over
time, the relationship of which may be described using regres-
sion analysis. A locally weighted (quadratic least squares), or
loess curve, using a span of 0.75 was constructed using R (R
Core Team, 2013) to illustrate the general trend of vegetation
change following deglaciation. Classification maps generated
in ArcGIS from the satellite images provide a visual guide to
the gradual change in land cover over time, particularly the
spatial differences in landscape development between the
lower (older) and upper (younger) sections of the Bay.
Utilising the space-for-time substitution available in GBNP, it
was possible to back-calculate approximate catchment ages from
the Landsat images. This allows, for example, back calculation of
vegetation development within the oldest catchment (Rush Point
Creek) to be assessed at 206years (its age in 2009), 201 years (age
at the time of the 2004 image), 196 years (age in 1999), 186
(1989 age) and 184years (1987 image). Each of the 22
subcatchments was analysed in this manner, thereby providing
a total of 110 catchments in terms of development ages ranging
from 16 to 206years, and the rate and progress of vegetation
and landscape successional development to be determined.
In order to differentiate this back-calculation method of
assessing temporal landscape development within the water-
sheds from 1987 to 2009 from the more general assessment
of spatial differences between landscapes within upper and
lower portions of GBNP (as determined by comparing vegeta-
tion and landscape development from only the 2009 satellite
image), the two analyses will be referred to as ‘temporal’ and
‘spatial snapshot’ analyses, respectively, throughout this paper.Table III. Summary of classification accuracy of
the land cover types
Land cover Kappa coefficient
Glacier 1.0
Snow 1.0
Non-vegetated 1.0
Alder 0.62
Cottonwood 0.77
Spruce 1.0
Mature 1.0
Open vegetation 0.64
Mountain 1.0Soil characteristics
Soil samples were collected within the identified broad scale
vegetation classes to ascertain sediment characteristics which
are likely to change as a result of successional processes and
therefore provide information on soil properties for compari-
son with existing data on sediment availability and structure.
Soil samples were collected from under the dominant vegeta-
tion types within each catchment, taking care to ensure that
sample locations between catchments were similar in terms
of slope, position and aspect. Each was a composite of three
subsamples taken from within a 1m2 area, to a depth of c.
10 cm and placed in a sealable plastic bag for transportation
to the laboratory. Once back in the laboratory the soils were
sieved (4mmmesh size) to remove any stones or large vege-
tative material. After this they were weighed (c. 10 g dry-
weight) and dried at 80 °C for 24 h for transportation to the
University of Birmingham, UK, where soil OM content (%OM)
was determined by loss on ignition method where samples were
heated to 450 °C for 4 h and then reweighed.
Soil bulk density (g cm-3) was measured in situ using a PVC
pipe (5 cm diameter × 15 cm length) which was driven into
the soil to a depth of 10 cm and then dug out to ensure no soil
was lost from the base of the sampling pipe; these soil cores
were then placed in a sealable plastic bag for transport. Once© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileyback in the laboratory they were sieved and dried (80 °C) prior
to weighing to obtain bulk density.Results
Accuracy of satellite image classification and
‘spatial analysis’ of vegetation development
The Kappa coefficient of the satellite classification indicated a
high overall accuracy (89.2%) of land cover classes (Table III).
Analysis of the errors in classification suggests that it was diffi-
cult to differentiate between alder and open vegetation, which
had accuracy coefficients of 0.62 and 0.64 respectively.
Ground-truthing of image classification accuracy in July 2011
confirmed these inconsistencies; in particular, a large area of
‘open vegetation’ predicted using remote sensing within
Stonefly Creek was confirmed to be alder-dominated. This error
was likely due to the steep gradients on these slopes (>30°)
characteristic of this area, which can result in image misclassi-
fication (Dymond and Shepherd, 1999). To correct the error for
subsequent analyses, this area was reclassified by hand. No
other significant misclassifications were noted.
The transition of vegetation within each classification type
from the 1987 to 1999 to 2009 satellite images (Table IV) indi-
cates a robust retention of land cover classes (diagonal elements),
ranging from 40.8–79.5% retention of classified pixels. Alder had
the lowest retention of the broad-scale successional land cover
classifications (49.9% from 1987 to 1999, and 46.6% from
1999 to 2009) while spruce had the highest (68.5 to 79.5% reten-
tion 1987 to 1999 to 2009 images, respectively). Land cover clas-
sified as ‘other’ (an amalgamated group comprising of those land
cover classes not used in the succession analysis, including
glacier, snow, water and mountain vegetation classes) had a
low retention rate, predominantly transitioning to either ‘mature’
or ‘open’ land cover (19.3 and 19.1%, respectively, from the
1987 to 1999 images, 26.2% transition from other to open from
the 1999 to 2009 image). Further analysis of the high transition
rate of ‘other’ pixels to alternative land cover classifications
revealed a high turnover of pixels from ‘mountain/high altitude’
vegetation to ‘open’ vegetation. Similarities in the structure of
dominant species within each of these classes (i.e. scrub and
shrub cover) may explain these results.
Further analysis of the transition matrices shows that transi-
tion frequencies as a result of succession-driven changes (the
upper off-diagonal elements) are highest in those vegetation
classes characteristic of early successional stages, and the tran-
sition from one vegetation cover to the other follows the path-
way previously documented within GBNP (e.g. 21.3% of
pixels classified as non-vegetated land transitioned to alder
land cover from the 1987 to 1999 image, 24.7% from 1999& Sons Ltd. Earth Surf. Process. Landforms, (2014)
Table IV. Transition matrix of pixel transition between land cover
classes. The figures represent the total percentage of pixels occupying
a land cover class from its original classification in the earliest
satellite image (1987 in Table IV(a); 1999 in Table IV(b)) to the next
satellite image. Diagonal elements (dark grey shaded) are retention
frequencies; off-diagonal elements are transition frequencies. Upper
off-diagonal transitions (light grey shading) represent successional
processes, and lower off-diagonal transitions (non-shaded) represent
disturbance events. ‘Other’ represents land cover classes including
ice/ glacial cover, water and ‘mountain’ vegetation which represents
areas which may not have been deglaciated during the last ice age
(high altitude areas), NV= non-vegetated, C’wd= cottonwood
VEGETATION SUCCESSION: IMPLICATIONS FOR SEDIMENT & LANDSCAPE STABILITYto 2009; 16.1% of alder pixels transitioned to cottonwood veg-
etation cover from 1987 to 1999, 34.4% from 1999 to 2009). In
addition to confirmation of the successional transition of vege-
tation classes, the matrices also revealed an element of ‘distur-
bance’, where land cover transitioned in a manner not
explained by succession (represented by the lower off-diagonal
elements of Table IV(a), (b)). Alder and open land cover and
spruce and mature forests appeared to have frequently
transitioned from one to the other, and there was also a high in-
cidence of non-vegetated land cover transitioning to mature
forest from the 1987 to 1999 image.Land cover change within GBNP over 22years
(1987 to 2009) ‘temporal analysis’
Comparison of the classified Landsat images from 1987 to 2009
(Figure 4) indicate changes in land cover which occurred over
the intervening 22year period. Areas in the middle of the bay
(representing landforms 130–170 years since deglaciation)
revealed a progression from cottonwood to spruce and limited
spruce–hemlock forest during this time period. The upper bay
showed a change from non-vegetated glacial deposits and
exposed sediment to alder and cottonwood communities. Land
cover in the lower bay did not change as rapidly over the 22year
period, with limited expansion of spruce and mature (spruce–
hemlock) vegetation. These changes may be more clearly identi-
fied when comparing the change in vegetation cover within the© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileysix study catchments over a temporal representation of 206years,
via the back-calculation of catchment development.
Using the back-calculation method to assess overall trajectory
of landscape development within GBNP from 16 to 206years
following deglaciation, it is possible to model the rate of vegeta-
tion development (Figure 5). Loess analysis of the changes in veg-
etation cover over time shows that general trends in the rate and
direction of percentage cover changes can be detected for all
vegetation types. Non-vegetated/bare sediment is highest in the
youngest catchments, decreasing rapidly up to ~50years, before
increasing slightly between 100 and 150years, although it is im-
portant to note that this increase is driven by a single site; Ice Val-
ley Stream which has a higher percentage of bare sediment than
the other catchments. This result may reflect the occurrence of a
braided river section at the headwater of the stream,where numer-
ous small tributaries meet at a broad floodplain at the base of a
large mountain range. The percentage cover of alder was shown
to peak at approximately 50 years, just as sediment cover is at its
lowest percentage. Alder remains in small percentages as catch-
ment age increased. Open vegetation remained relatively stable
over time since deglaciation. There was a large spread in the per-
centage cover of open vegetation within subcatchments, as well
as catchments, with NFS having much higher open vegetation
cover than any of the other study catchments. Percentage cotton-
wood cover varied within subcatchments, resulting in a broad
spread from approximately 50years onwards. In general, how-
ever, the percentage cover of this vegetation type was moderate,
ranging from 20–60% of the total subcatchment once established.
Spruce cover increased slowly up until approximately 125years
following deglaciation, after which time the rate of increase rose
to a maximum of approximately 60% of total vegetation cover
within the oldest catchments. Similarly, mature (spruce–hemlock)
coverage was very slow to develop until approximately 150years
following deglaciation, after which time it increased. Berg Bay
South has a high percentage of mature forest cover, likely causing
the modelled peak in percentage cover at 175years.
Detailed analysis of the changes in land cover over the
22 year period from the 1987 to 2009 satellite images (Figure 6)
provides an indication of the rate and trajectory of broad-scale
vegetation development resulting from successional processes.
SFC was shown to undergo a rapid transition from non-
vegetated (bare sediment) land cover to an increased alder
dominated landscape, with limited cottonwood. WPC illus-
trated a transition from alder to cottonwood vegetation, while
spruce began to replace cottonwood over the documented
22 year period. Spruce cover became increasingly dominant
within the older catchments (BBS and RPC), as vegetation cover
characteristic of earlier successional stages decreased (predom-
inantly cottonwood).Spatial analysis of soil and vegetation type
characteristics within GBNP
There was a clear change in soil characteristics over time and
vegetation succession. Exposed sediments and Dryas vegeta-
tion, characteristic of early successional stages display high
bulk density as well as low soil organic matter. As site age in-
creased and vegetation cover changed to mid (cottonwood)
and late (spruce and mature) successional vegetation types, soil
bulk density decreased and soil OM increased (Figure 7).Discussion
Using the repeat-survey capabilities of the Landsat sensors in
conjunction with the space-for-time chronosequence present& Sons Ltd. Earth Surf. Process. Landforms, (2014)
Figure 4. Classification of vegetation cover within GBNP using Landsat images from 1987, 1999 and 2009. Areas highlighted indicate the position
and representative vegetation cover within the six catchments studied in closer detail. This figure is available in colour online at wileyonlinelibrary.
com/journal/espl
M. J. KLAAR ET AL.within GBNP, we have monitored the rate and extent of vegeta-
tion succession within six catchments which represent
206 years of landscape development following glacial reces-
sion. By combining this large-scale analysis of vegetation suc-
cession with existing data on the influence of vegetation
development on sediment availability, we can suggest how ter-
restrial vegetation succession contributes to sediment exhaus-
tion during paraglacial sediment reworking, and hence,
improve estimates of paraglacial adjustment timescales.Use of Landsat imagery to determine broad-scale
vegetation development within GBNP
The accuracy of the satellite images to classify broad-level
changes in vegetation development within GBNP was verified
and provided information on vegetation development over
the entire ~11 000 km2 area. However, analysis of pixel transi-
tion matrices suggests a high two-way transition rate between
open and alder land cover classifications. This transition may
be a real shift in vegetation cover as alder and open vegetation
in young landscapes are known to be dynamic, due to frequent
disturbance events (e.g. river channel migration) resulting in© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileyfluctuating patch size and density of species typical of ‘young’
successional stages (Beechie et al., 2006).
Percentage change of mature (spruce–hemlock) cover from
1987 to 2009 revealed a decline in nearly all catchments,
twinned with a relatively high pixel transition rate between
these land cover classifications (Table IV), both in the ‘succes-
sion’ and ‘disturbance’ transitions. These changes may be a re-
sult of classification error or may reflect actual transition in
vegetation types. For example, the slow growth rate of hemlock
species in comparison with spruce in the mixed spruce–
hemlock (mature) classification may have resulted in an in-
crease in stand density and height of spruce in comparison with
hemlock over the 22 year satellite image period, resulting in a
change in vegetation reflectance received by the Landsat sen-
sors. However, the high retention of pixels within each of these
classes between satellite images and the increase in ‘mature’
vegetation cover from 1999 to 2009 (62%) in comparison with
the 1987 to 1999 image (45.8%) suggests that the classification
remains robust in tracking the successional transition from
spruce to mature forest.
The Landsat images therefore confirm the large-scale patterns
of primary succession previously documented for Glacier Bay
through observation (Crocker and Major, 1955; Reiners et al.,& Sons Ltd. Earth Surf. Process. Landforms, (2014)
Figure 5. Loess analysis of changes in percentage cover of vegetation classes following deglaciation. Dashed lines indicate ± 1 SE.
VEGETATION SUCCESSION: IMPLICATIONS FOR SEDIMENT & LANDSCAPE STABILITY1971; Chapin et al., 1994). The spatial analysis (comparison of
vegetation composition between study catchments of differing
ages) illustrated a gradual transition in vegetation cover from
bare, non-vegetated land immediately following deglaciation,
to an alder and later cottonwood, spruce and mature spruce–
hemlockmixed forest community which remains limited in cov-
erage up to the maximum 206 year period studied here. Impor-
tantly, estimates of the rate of vegetation change over time
provide quantitative information of biological community de-
velopment which can then be treated as a dynamic feature
within landscape evolution models.
Estimation of the trajectory of vegetation development using
a back-calculation from satellite images (Figure 5) generally
confirmed the estimated rates of successional turnover reported
in other studies in GBNP (Reiners et al., 1971). However, two
catchments, namely North Fingers South Stream (NFS) and
Berg Bay South Stream (BBS), do not follow the general line
of trajectory. For example, NFS consistently contained a higher
percentage of open vegetation (Figure 5), and a lower than
expected percentage of spruce cover. Analysis of aerial photos
from this site suggests that these deviations from the trajectory
may be owing to local hydrogeological conditions which suggest
some of the catchment is waterlogged, creating a muskeg-like
plant community which may limit the growth and establishment
of spruce and other coniferous species. The higher than expected
percentage of mature vegetation cover in BBS may give weight to
the multiple pathways theory of GBNP succession proposed by
Fastie (1995), which suggests that local seed rain of mature and
later successional species (e.g. from nearby Rush Point Creek
(RPC) or areas of older refugial forest located in the lower bay)
facilitates more rapid invasion by western hemlock,
resulting in accelerated vegetation development than would
otherwise be expected. Further investigation of the impact
of this change in successional pathway on sediment dynamics© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileyand continued landscape evolution may help to decipher the
physical-biotic linkages that drive biogeomorphic interactions.The role of vegetation succession in paraglacial
adjustment following deglaciation
The analysis of landscape development within GBNP using
Landsat satellite images has allowed broad-scale successional
processes to be quantified to a greater spatial extent than previ-
ous studies. Using the longer temporal resolution of vegetation
succession (16–206 years) following deglaciation, insights into
the role of vegetation development in determining sediment
availability and hence paraglacial adjustment can be made.
Previous research has shown the importance of earlier
colonising species (i.e. equivalent ’alder’ and ’open’ vegetation
cover used within this study; cf. Orwin and Smart, 2004; Eichel
et al., 2013) during the paraglacial period for limiting sediment
erosion by increasing sediment cohesion and rainfall intercep-
tion, thereby increasing landform stability. However, the con-
tinued development of vegetation communities from shrub
(alder) vegetation to cottonwood, spruce and later spruce–
hemlock forests, as observed within GBNP will continue to in-
fluence sediment availability to fluvial and aeolian systems. In
the initial post-glacial phase, evapotranspiration will consist
entirely of evaporation from the bare surface resulting in a high
runoff regime (Gorham et al., 1979; Matthews, 1992). The
dominance of unconsolidated sediments at this time have a
high bulk density (Figure 7), associated with a high degree of
compaction and decreased water infiltration, resulting in in-
creased rates of erosion, as previously illustrated by Crocker
and Major (1955). These soils are subject to physical and
chemical weathering, leading to the leaching of organic matter
and nutrients (Luizao et al., 2004; Milner et al., 2007) and low& Sons Ltd. Earth Surf. Process. Landforms, (2014)
Figure 6. Mean percentage change (± 1 SE) in vegetation cover from 1987 to 2009 within the study catchments. Note the difference in y-axis values
on the top row (SFC and WPC). Catchment age refers to the age in 2009.
Figure 7. Soil characteristics within vegetation and land cover types in GBNP (± 1 SE).
M. J. KLAAR ET AL.organic matter and moisture content. The colonisation of bare
sediment by open vegetation (i.e. Dryas domination) and later
alder cover increased organic matter and decreased bulk den-
sity (Figure 7; Crocker and Major, 1955) as plant colonisation
helped to stabilise the sediment structure.
Organic matter accumulation has been shown to be rapid
within the early stages of landscape development within© 2014 The Authors. Earth Surface Processes and Landforms published by John WileyGBNP (Milner et al., 2007), particularly under alder vegeta-
tion, where organic soils have been reported to accumulate
up to 6–7 cm deep within 40–50 years following deglaciation
resulting in increased water infiltration and decreased runoff
at this time (Crocker and Major, 1955). As soils and vegeta-
tion develop, increased buffering of precipitation will occur,
lowering surface runoff, while vegetation will provide a more& Sons Ltd. Earth Surf. Process. Landforms, (2014)
VEGETATION SUCCESSION: IMPLICATIONS FOR SEDIMENT & LANDSCAPE STABILITYeffective route for evapotranspiration to occur (Leuschner and
Rode, 1999). As succession progresses, the increasingly
dense (and complex) stages of vegetation will increase
evapotranspiration rates and rainfall interception, leading to
a greater cycling of water back to the atmosphere, while
allowing a greater residence time for water within the more
developed soil structure, including the accumulation and de-
composition of soil OM (Barrett and Burke, 2000; Milner
et al., 2007). Increasing levels of OM deposition and root devel-
opment result in increased soil water retention, particularly as
coniferous species began to dominate, developing a thick, well
aerated soil layer (Ambus and Beier, 2006) as shown by the low
soil bulk density underlying these later successional species
(Figure 7). The continued formation of denser canopies, in-
creased woody vegetation and understory and humus layer
cover facilitated by continued terrestrial vegetation succession
will further increase the rate of paraglacial adjustment processes
(Gorham et al., 1979; Leuschner and Rode, 1999) as the
landscape transitions from glacial to non-glacial conditions
(Slaymaker, 2009).
Previous research within GBNP and elsewhere has shown
that terrestrial riparian vegetation development further
stabilises post-glacial stream banks (Sidle and Milner, 1989;
Gurnell et al., 1999; Milner and Gloyne-Philips, 2005; Cowie
et al., 2014), resulting in a decrease in sediment supply from
these banks and proximal channel areas with increasing catch-
ment age (Sidle and Milner, 1989). The improved channel sta-
bility and associated reduction in channel width and increased
stream power leads to greater efficiency of fluvial sediment
transport processes and hence, entrainment of fine sediments
and gradual fining of downstream sediments (Gurnell et al.,
1999), and subsequent movement and exhaustion of glacially
influenced sediment loads.
Analysis of the rate and trajectory of vegetation develop-
ment, and associated changes in soil development and sedi-
ment availability at an intermediate timescale (206 years) and
larger spatial scale (>11 000 km2) as undertaken as part of this
study has highlighted the importance of biogeomorphic inter-
actions in stabilising recently deglaciated landscapes during
paraglaciation. A previous lack of investigation at this spatial
and temporal scale has resulted in the dominance of physically
based processes in paraglacial adjustment models which have
underestimated, or even ignored, the role of biological pro-
cesses (Benn and Evans, 2010). Information on the processes
and timescales of paraglacial adjustment is fundamental in en-
hancing our understanding and reconstruction of past land-
scape evolution, as well as informing current research on
landform stability. The term ‘paraglacial’ has been defined as
a descriptor of landforms and landscapes in transition from gla-
cial to non-glacial conditions for a period of time until gla-
cially conditioned sediment has been removed or attained
stability (Schumm and Rea, 1995), indicating that paraglacial
adjustment is predominantly a feature of landscape
stabilisation and geomorphic change. Cast in this light, the im-
portance of the rate and trajectory of landform and landscape
change become major indicators of paraglaciation (Slaymaker,
2009). Omission of vegetation–landform interactions in deter-
mining sediment transport rates and soil/landform stability
within current landscape evolution models prevents accurate
analysis and interpretation of landform features and ongoing
landform evolution (Marston, 2010; Reinhardt et al., 2010).
Currently, these interactions are unlikely to have been fully in-
corporated into field-based investigations and subsequent
modelling, due to the limited spatial and temporal scales such
investigations have incorporated.
Continued stabilisation of terrestrial and aquatic environ-
ments resulting from paraglacial adjustment and terrestrial© 2014 The Authors. Earth Surface Processes and Landforms published by John Wileysuccession are important in the creation of landscape, species
and habitat diversity (Odum, 1969; Connell and Slatyer,
1977; Milner et al., 2007). This development from a highly dis-
turbed, resource-limited environment, to a stable, functionally
diverse landscape facilitate the establishment of diverse terres-
trial and riverine communities (Reiners et al., 1971; Benda
et al., 1992; Matthews, 1992; Beechie et al., 2001; Milner
et al., 2007; Cowie et al., 2014).Conclusion
This study has illustrated the application of remote sensing
techniques coupled with a space-for-time substitution to assess
paraglacial adjustment over a longer time period (up to
200 years following deglaciation) and spatial scale (>11
000 km2) than previously available. Assessment of broad-scale
landscape development over this time using satellite imagery
highlights the importance of both physical and biological inter-
actions in the development of terrestrial and fluvial systems
during paraglacial adjustment, further elucidating the role of
biogeomorphic interactions in landscape development. Fur-
ther use of remote sensing, space-for-time substitutions and
other techniques to ascertain community and landscape devel-
opment over intermediate timescales are urgently required for
integrating long-term paleoecological and short-term ‘real-
time’ investigations, into a cohesive time continuum (Rull,
2012). Currently, a lack of testing and validation of ecological
theories and models which rely on assumptions of long-term
processes, based on short-term observations, present a risk that
some important ecological processes which operate at inter-
mediate timescales are missing or misrepresented. The recent
launch of the Landsat Continuity Mission in February 2013
will provide future continuity to the existing Landsat datasets
(Wulder et al., 2008), enabling studies such as this and others
to continue the observation and monitoring of vegetation
change over longer time periods following large-scale land-
scape change.
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